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(54) Title: MAGNETIC FIELD SENSORS 

(57) Abstract 

A three-dimensional magnetic field 
sensing arrangement comprises three mag- 
netic non-conducting sensors, e.g. (la), ar- 
ranged for sensing the three respective com- 
ponents of an external magnetic field. Each 
sensor comprises a sensor module (2), a 
transmitter module (3) containing a laser 
diode (13), and a receiver module (4) con- 
taining a photodetector (14) and a filter and 
amplifier (15). The sensor module (2) com- 
prises in sequence a collimating lens (5), 
connected to an efferent optic fibre (6), a first 
polarising beam-splitter (7), a half-wave 
plate (8), a rare—earth-doped iron garnet 
Faraday-effect transducer (9), which rotates 
the plane of polarisation of the light through 
an angle which depends on the component of 
an external magnetic field in the propagation 
direction, a second polarising beam-splitter 
(10) and a focussing lens (11) connected 
to an afferent optic fibre (12). The in- 
vention finds particular application in mea- 
suring magnetic fields associated with elec- 
trical breakdown in high-voltage environ- 
ments, for which sensors made from con- 
ductive materials are not suitable, as well as 
measuring any type of magnetic fields in en- 
vironments with high electric fields and high 
voltages. 
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MAGNETIC FIELD SENSORS 

The present invention relates to magnetic field sensors, and in particular to such sensors 
which are arranged to sense all the three vector components of a magnetic field. The 
5 invention extends to corresponding methods of measurement of magnetic fields using 
such sensors. 

A particularly advantageous application of such three-dimensional sensing 
arrangements would be in the measurement of the magnetic fields associated with 
1 0 electrical breakdown, since the direction of the magnetic field can be determined and 
thereby the source of the breakdown. 

Known three-dimensional magnetic field sensors use nonmagnetic electrically- 
conductive coils, typically made of copper, in which the electric current induced by the 
15 magnetic field being measured is sensed, thereby to determine the three components of 
the magnetic field. However, such sensors could not be used in the above application, 
since such conductive sensors cannot safely be used near high- voltage cables because of 
the risk of electrical breakdown, i.e. arcing. 

Magnetic field sensors are known which are made from magnetic, non-conducting 
material. Such sensors have the advantage of their ability to measure magnetic fields in 
environments with high electric fields and high voltages. However, such sensors have 
not been combined into a single sensing unit for detecting the three vector components 
of magnetic field, presumably because it would be considered that the magnetic material 
of each sensor would interfere with the measurements made by the other two sensors. 
However, the present inventor has found that the level of interference is surprisingly 
small. 

Thus, in accordance with a first aspect of the present invention there is provided a three- 
30 dimensional magnetic field sensing arrangement comprising three magnetic field 
sensors each of which is arranged for sensing a respective one of three orthogonal 
components of the magnetic field to be measured, each sensor comprising a 
substantially non-conducting magnetic material. 
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In accordance with a further aspect of the present invention there is provided a method 
of measuring three orthogonal components of a magnetic field comprising arranging 
each of three magnetic substantially electrically non-conducting magnetic field sensors 
5 within the magnetic field for sensing a respective one of the three orthogonal 
components and thereby determining the magnitude and the direction of the magnetic 
field. 

The magnetic field sensors are preferably substantially identical, since this will ensure 
10 that the sensor characteristics, i.e. the strength of the output signal for a given magnetic 
field component, are uniform. 

Each sensor is advantageously a Faraday-effect sensor, since this provides a convenient 
arrangement in which no electrical leads are required in the region of the high-voltage 

15 apparatus, since light can be conveyed to each sensor from a remote location, e.g. using 
optic fibres. The use of separate optic fibres confers the advantage of substantially 
eliminating cross-talk between the outputs of the three sensors. In this case, the 
magnetic material constituting the Faraday-effect transducer is preferably ferrimagnetic, 
rare-earth-doped iron garnet, such as yttrium iron garnet (YIG). YIG has the advantage 

20 of being a good electrical insulator. However, any magneto-optic material displaying 
sufficiently low electrical conductivity may be used. 

The optic fibres may be single-mode (SM), multimode (MM) or polarisation- 
maintaining (PM) optic fibres. Each sensor advantageously comprises at least one 
25 gradient index (GRIN) lens, since this removes the need for relatively large 
conventional collimating and focussing lenses to be provided within each sensor. 
Furthermore, each GRIN lens is preferably attached to a respective optic fibre to form 
what is known as a pigtail unit. Such units are commercially available and there is 
therefore no requirement for an elaborate alignment procedure for the sensors. 

30 

Each sensor preferably includes, in sequence, an efferent pigtail unit, a polarising beam- 
splitter, a half-wave plate, which rotates the plane of polarisation of plane-polarised 
light, a Faraday-effect transducer, a further polarising beam-splitter and an afferent 
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pigtail unit. By manually rotating the half-wave plate, the polarisation direction of the 
light can be adjusted to optimise the performance of the sensor. 

A transmitter unit, comprising the three light sources, and a receiver unit, comprising 
5 the three photodetectors and circuitry, are preferably situated remotely from the 
magnetic field to be measured and thereby remotely from high-voltage sources. The 
light sources may each comprise a laser diode, and the electronic circuitry within the 
receiver unit may comprise three respective filters and corresponding amplifiers. 

10 Although the radiation used in the Faraday-effect sensor is described herein as being 
light, it will be understood that the term "light" as used herein embraces additionally 
non-visible radiation of a wavelength suitable for effecting the required measurements. 

A preferred embodiment of the present invention will now be described with reference 
15 to the accompanying drawings, in which: 

Figure 1 illustrates schematically the arrangement of one of the three sensors in 
the preferred embodiment; 



20 



Figure 2 illustrates the arrangement of the three sensors in the preferred 
embodiment; and 

Figure 3 illustrates schematically the over-all arrangement of the magnetic field 
detector of the preferred embodiment. 



25 



Referring to Figure 1, a sensor la comprises a sensor module 2, a transmitter module 3 
and a receiver module 4. The sensor module 2 comprises a first gradient index (GRIN) 
lens 5, connected to an efferent optic fibre 6, a first polarising beam-splitter 7 for 
polarising the light from the first GRIN lens 5 and reflecting the polarised light to a 
30 half-wave plate 8. Light from the half-wave plate 8 is directed to the Faraday-effect 
transducer 9, which is in the form of a block of yttrium iron garnet (YIG). Light 
passing through the transducer 9 then passes to a second polarising beam-splitter 10 and 
is reflected to a second GRIN lens 1 1 which is connected to an afferent optic fibre 12. 
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The sensor module 2 functions as follows. Light received via the efferent optic fibre 6 
is collimated by the first GRIN lens 5 and plane-polarised by the polarising beam- 
splitter 7. The resulting plane-polarised light then passes through the half-wave plate 8, 
5 which serves to rotate the plane of polarisation of the polarised light by an amount 
dependent on the orientation of the plate. Light then passes into the block of YIG, 
which exhibits the property of rotating the plane of polarisation of the plane-polarised 
light though an angle the magnitude and direction of which depend in a known manner 
on the strength and the sense of the component of an external magnetic field in the 

10 propagation direction of the light. The second polarising beam-splitter 10 serves to 
analyse the light transmitted through the block of YIG into two polarisation 
components, one of which is supplied to the second, focussing GRIN lens 11, which 
then transmits the light to the afferent optic fibre 12. The amount of light deflected into 
the second GRIN lens by the polarising beam-splitter 10 will therefore depend on the 

15 strength of the component of the magnetic field in the direction of the propagation 
direction of the light through the block of YIG, and this can be measured to provide a 
measure of the strength of that magnetic field component. 

The transmitter module 3 comprises a laser diode 13, which supplies monochromatic 
20 light to the efferent optic fibre 6. 

The receiver module 4 comprises a photodetector 14 for receiving light from the 
afferent optic fibre 12 and electric circuitry in the form of a filter and amplifier 15 for 
filtering and magnifying the signal from the photodetector 14. 

25 

The optic fibres used as the efferent and afferent optic fibres 6, 12 may be single-mode 
(SM), multimode (MM) or polarising (PZ) optic fibres. 

Referring to Figures 2 and 3, a complete detector 1 comprises three such sensors. Three 
30 sensor modules 2a, 2b, 2c are mounted together within a sensor housing 16 such that the 
three directions of light propagation in the Faraday-effect transducers 9 are mutually 
orthogonal. For example, sensor module 2a may be oriented so as to be sensitive to a 
magnetic field component in the x direction, 2b in the y direction and 2c in the z 
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direction, as indicated in Figure 2. A transmitter unit 17 houses three laser diodes for 
supplying monochromatic light to the respective three sensor modules 2a, 2b and 2c via 
three respective efferent optic fibres 6a, 6b, 6c. A receiver unit 18 houses three 
respective photodetectors, which receive light from the three respective afferent optic 
fibres 12a, 12b, 12c, and three sets of filters and amplifiers. 

With a three-dimensional magnetic field detector of the preferred embodiment, as 
described above, it will be appreciated that it is possible to measure the three vector 
components of the magnetic field within high-voltage environments, without the risk of 
arcing through the detector, since there need be no electrical conduction path between 
the transducers, which must be located in the magnetic field to be measured, and the 
other components of the detection equipment, which are remotely situated. 
Furthermore, it would be possible to aiTange for the detector to be scanned through a 
spatial region thereby to obtain a mapping of the magnetic field throughout a region of 
interest. From the three measured components, it is of course possible to measure the 
magnitude of the magnetic field and also the direction. 

The spatial resolution of the detector depends upon the separation of the three 
transducer elements, but it is expected that the resolution will be better than 10mm. The 
magnetic field amplitude resolution of the detector will depend on the signal noise level, 
but it is expected that the resolution will be approximately equal to, or better than, 16 
nT / Vf, where f is the frequency in Hz. The temporal resolution is virtually unlimited, 
given that YIG exhibits a frequency response which surpasses the GHz region. In 
practice, the temporal resolution will be governed by the detection electronics and by 
the detection bandwidth, which also governs the noise level, which in turn affects the 
amplitude resolution. 

Although a preferred embodiment of the present invention has been described above, 
many variations and modifications will be apparent to those skilled in the art, and the 
scope of the invention is defined solely by the claims appended hereto. 
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CLAIMS: 

1. A three-dimensional magnetic field sensing arrangement comprising three 
magnetic field sensors each of which is arranged for sensing a respective one of 
three orthogonal components of the magnetic field to be measured, each sensor 
comprising a substantially electrically non-conducting magnetic material. 

2. A magnetic field sensing arrangement as claimed in Claim 1, wherein the three 
sensors are substantially identical. 

3. A magnetic field sensing arrangement as claimed in Claim 1 or Claim 2, 
wherein each sensor comprises a Faraday-effect sensor. 

4. A magnetic field sensing arrangement as claimed in Claim 3, wherein each 
sensor comprises a Faraday-effect transducer, a respective light source and a 
photodetector, each said light source and each said photodetector being located 
in use remotely from the Faraday-effect transducer. 

5. A magnetic field sensing arrangement as claimed in claim 4, wherein each 
sensor comprises a respective efferent optic fibre for conveying light from the 
light source to the transducer and a respective afferent optic fibre for conveying 
light from the transducer to the photodetector. 

6. A magnetic field sensing arrangement as claimed in Claim 5, wherein at least 
one of the optic fibres is a single-mode optic fibre. 

7. A magnetic field sensing arrangement as claimed in Claim 5 or Claim 6, 
wherein at least one of the optic fibres is a multimode optic fibre. 

8. A magnetic field sensing arrangement as claimed in any one of Claim 5 to 7, 
wherein at least one of the optic fibres is a polarisation-maintaining optic fibre. 
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9. A magnetic field sensing arrangement as claimed in any one of Claims 5 to 8, 
wherein each sensor further comprises a respective first gradient index lens 
positioned in the optical path between the efferent optic fibre and a second 
respective gradient index lens positioned in the optical path between the 
transducer and the afferent optic fibre. 



10. A magnetic field sensing arrangement as claimed in Claim 9, wherein each of 
said graded refractive index lenses is connected to the associated optic fibre in a 
pigtail unit. 

11. A magnetic field sensing arrangement as claimed in any one of Claims 5 to 8, 
wherein each sensor comprises, in sequence, an efferent pigtail unit comprising 
said efferent optic fibre connected to a graded refractive index lens, a polarising 
beam-splitter, a half- wave plate, a Faraday-effect transducer, a further polarising 
beam-splitter and an afferent pigtail unit comprising a graded refractive index 
lens connected to said afferent optic fibre. 

12. A magnetic field sensing arrangement as claimed in any preceding claim, 
wherein the magnetic material of each sensor is ferrimagnetic. 

13. A magnetic field sensing arrangement as claimed in Claim 12, wherein the 
magnetic material of each sensor is a rare-earth-doped iron garnet. 

14. A magnetic field sensing arrangement as claimed in Claim 13, wherein the 
magnetic material of each sensor is yttrium iron garnet. 

15. A method of measuring three orthogonal components of a magnetic field 
comprising arranging each of three substantially electrically non-conducting 
magnetic field sensors within the magnetic field for sensing a respective one of 
three orthogonal components and thereby determining the magnitude and the 
direction of the magnetic field. 
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16. A magnetic field sensing arrangement substantially as hereinbefore described 
with reference to the accompanying drawings. 

17. A method of measuring three orthogonal components of a magnetic field 
substantially as hereinbefore described with reference to the accompanying 
drawings. 
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